The spontaneous formation of lattice structure of quantized vortices is a characteristic feature of superfluidity in closed systems under thermal equilibrium. In exciton-polariton Bose-Einstein condensate, which is a typical example of macroscopic quantum state in open systems, spontaneous vortex lattices have also been proposed by not yet observed. Here, we take into account the finite decay rate of exciton reservoir, and theoretically investigate the vortex structures in circularly pumped polariton Bose-Einstein condensate. Our results show that a decreasing reservoir decay rate can reduce the number of vortices and destabilize the lattice structure, hence is unfavorable to the formation and observation of vortex lattices. These detrimental effects can be prevailed by applying an external angular momentum.
I. INTRODUCTION
As one of the most fascinating quantum phenomena, superfluidity remained to be the frontier of modern physics and attracted constant and improving attention since its discovery in 1930s. 1, 2 With the ability of carrying current without any dissipation, such an exotic state of matter not only manifests the role of quantum coherence, but also reveals fascinating directions of potential applications. For Bose systems, superfluidity has been observed and studied in liquid 4 He 1,2 , ultracold quantum gases of bosonic atoms, [3] [4] [5] magnons in magnetic compounds 6 , and photons in optical cavities. 7 In all these examples, the bosonic particles contribute a macroscopic occupation of the single-particle ground state to form a Bose-Einstein condensate (BEC), where the interaction plays a key role in the presence of superfluidity. 8 The realization of exciton-polariton BEC, or equivalently polariton BEC for short, adds another member in the family of BEC and provides us the opportunity to study such a macroscopic quantum state in open systems. [9] [10] [11] [12] The exciton is a quasiparticle consisting of an electron and a hole, which can be confined in a twodimensional (2D) geometry in quantum wells embedded in optical microcavity. When the electron-photon coupling is strong, the exciton and the cavity photon modes are both dressed to form new eigenstates of this hybrid system. The new bosonic quasiparticles, referred as polariton, can in principle condense into the single-particle ground state. Thanks to the extremely light effective mass of polaritons, the polariton BEC can have a transition temperature T c as high as room temperature.
13,14
Another distinctive feature of polariton BEC is that it is indeed an open system under external pumping and decay. One of the decay channel is the leakage of photons from the cavity. Besides, the exciton component of polariton can also decay into freely moving electrons and holes. As a consequence, polariton BEC is truly a dynamical steady state instead of a thermal equilibrium state. A natural question then arises: can the polariton BEC also support superfluidity? On one hand, the Bogoliubov excitation spectrum is believed to deviate from the linear dispersion as in the conventional BEC, 15 which compromises the Landau criterion for the critical velocity of superfluid. On the other hand, experimental results of the suppression of scattering from impurities [16] [17] [18] , and the long lifetime of induced vortices and imprinted vortex configuration suggest the existence of superfluidity.
19-23
One characteristic feature of superfluid is the spontaneous emergence of lattice structure of quantized vortices when subjected to finite angular momentum. After the first proposal in the context of type-II superconductor where electron pairs can move without dissipation to form charged superfluid, 24 vortex lattice has been experimentally observed and considered to be a strong evidence for superfluidity in Bose and Fermi atomic condensates. 25, 26 For polariton BEC, theoretical proposals have been made to generate vortex lattices or chains by engineering the pumping potential.
27-33 Among these works, Keeling and Berloff employ the adiabatic approximation by assuming the decay rate γ R of the exciton reservoir is much larger than that of the polariton γ c , and propose to stabilize a spontaneously formed vortex lattice with a finite sized circular pumping laser. 28 Within this framework, the reservoir can be adiabatically eliminated and the system is described by a generalized Gross-Pitaevskii formalism with complexed decay and gain terms. Under the same approximation, subsequent works generalize the configuration to disordered environment, 31 noncircular geometry, 31 spinor polariton condensates, 29 and arXiv:1901.03172v2 [cond-mat.quant-gas] 11 Jan 2019 rotating systems.
32,33
In this work, we go beyond the adiabatic approximation and investigate the effect of reservoir decay on the formation of vortex lattices in a circularly pumped polariton BEC. We find that by reducing the reservoir decay from the limiting condition γ R γ c , fewer vortices can be generated in the system, while the lattice structure can still be stabilized until γ R > ∼ γ c . If the reservoir decay is further decreased, the vortex lattice starts to melt and eventually liquify when γ R γ c . In this limiting regime, the vortex lattice can be reestablished by applying an overall external angular momentum. Our results suggest that a large reservoir decay and an external angular momentum favor the generation and observation of vortex lattices in polariton BEC.
The remainder of this manuscript is organized as follows. In Sec. II, we present the mean-field formalism to incorporate the reservoir decay and the simplification under the adiabatic approximation. The results of vortex lattices are discussed in Sec. III, where numerical simulations with different reservoir decays are compared. Finally, we summarize in Sec. IV.
II. MODELS
To investigate the effect of finite decay rate of exciton reservoir, we employ a mean-field treatment for the polariton BEC and adopt the open-dissipative GrossPitaevskii equation (ODGPE). This formalism is introduced in Ref. 15 , and commonly used in subsequent works to successfully explain a large number of experiments in exciton-polariton condensates. 19, 21, [34] [35] [36] Within this framework, the mean-field wave function ψ of the polariton condensate and the density of reservoir n R satisfy a coupled equation set
Here, P is the exciton creation rate determined by the external pumping, R is the rate of stimulated scattering from the reservoir to the condensate, m is the effective mass of polariton, and V (r) is an external potential. Both polariton and reservoir are lossy with decay rates γ c and γ R , respectively, and are repulsively interacted via polariton-polariton repulsion g c and polaritonreservoir interaction g R . Previous analysis show that a stable polariton condensate exists with the condensate density |ψ ss | 2 = P/γ c − γ R /R and the reservoir density n ss R = γ c /R when the uniform pumping P > P th ≡ γ c γ R /R.
15,37,38
It is usually desirable to derive a dimensionless form of the coupled equations (1), from which some universal features can be revealed. Here, we consider an external harmonic trapping potential V (r) = (1/2)mω 2 r 2 with ω the oscillator frequency, and rescale the equations (1) using the length unit = /mω and time unit t 0 = 2/ω. Then we get
Notice that in the expressions above, the wave function ψ, coordinate r, time t and density n R are all replaced by their dimensionless counterparts, while other parameters are defined as
2 , and g R = 2g R / ω 2 . In the following discussion, we focus on this dimensionless form and perform numerical simulations to obtain time evolution of the polariton BEC.
If the parameters in Eq. (2) satisfy the conditions γ R γ c and γ R P R /(2γ c ), we can adopt a socalled adiabatic approximation to eliminate the reservoir adiabatically and derive a decoupled equation for the polariton wave function 28, 31, 39, 40 ,
where
R is the effective rate of repulsive polariton-polariton interaction, α = P R /(2γ R ) − γ c /2 is the effective pumping rate, and σ = P R 2 /(2γ 2 R ) is the effective rate of saturation loss. This so-called generalized Gross-Pitaevskii equation (GGPE) can be easily derived by setting ∂n R /∂t = 0 and then plugging the result of n R into the first row of Eq. (2). Note that there are also some sophisticated models which treat the reservoir or polariton scattering in a more delicate way by including the energy relaxation of polaritons or the stochastic noises from the interaction with environment [41] [42] [43] [44] [45] . Most of them are just generalized from the ODGPE considered here, and the effects of adiabatic approximation can be analyzed analogously.
III. EMERGENCE AND STABILITY OF VORTEX LATTICES
Under the framework of GGPE, previous studies predict that vortex lattices can be spontaneous emerged in polariton BEC when pumped by a circular spot α(r) = αΘ(R P − r), where Θ is the unit step function and R P the cutoff radius. 28 In this section, we study the effects of adiabatic approximation on the spontaneous vortex lattice by comparing solutions of ODGPE and GGPE under various circumstances. There are some earlier works analyzing the validity of adiabatic approximation on the exciton-polariton condensates 46 , while the discussion on vortices and vortex lattices are still lack.
A. Spontaneous vortex lattices with the adiabatic approximation
First, we study the properties of vortex lattices in the exciton-polariton BEC under adiabatic approximation, where the simplified GGPE are equivalent to the ODGPE. According to Ref. 28 , the spontaneous vortex lattices can be formed when the radius of the circular pumping laser exceeds the Thomas-Fermi radius of condensate R P > R T F = 3gα/2σ. Here, we numerically solve the GGPE (3) to extract the time evolution of polariton BEC starting from a fixed initial state in the form of the Thomas-Fermi distribution
and obtain similar results as in Ref.
28 . In Fig. 1 Fig. 1 (e) and (f), respectively. Notice that the number of vortices increases with the radius of the pumping laser, which is consistent with the discussion of Ref.
28 . However, we do not observe a quadratic relation N vor ∝ R 2 P predicted for large R P , 28 as the laser radius in our simulation is not large enough. In fact, we find that the vortex lattice becomes irregular and unstable for large R P , as suggested in Ref.
28 . The number of vortices depends on the pumping rate α in a non-monotonic manner. When the pumping rate is elevated from zero, the number of vortices increase at first and then decrease to zero. This behavior indicates that the pumping rate α can affect the generation of vortices in two competing aspects. As shown in Eq. (4), the Thomas-Fermi radius of the polariton BEC is related to the pumping rate as R T F ∝ √ α. In the region of small enough α, the laser radius R P R T F . The increase of pumping rate would favor the formation of polariton condensate and enhance the cloud size, such that more vortices can be accommodated, while the condition R P R T F remains valid. When the pumping rate is further elevated, the condensate Thomas-Fermi radius eventually becomes comparable to or even larger than the laser spot. The condition R P > R T F is then compromised and the vortex formation is less favorable.
B. Spontaneous vortex lattices beyond the adiabatic approximation
We then go beyond the adiabatic approximation, and numerically solve the ODGPE [Eq. (2)] under various conditions. Firstly, we consider the case where the adiabatic approximation is partly broken, i.e., the condition γ R P R /2γ c is unsatisfied and γ R γ c remains show that vortex lattice can be stabilized. Besides, the dependence of number of vortices on the variations of the pumping laser radius R P [ Fig. 2(e) ] and the pumping strength α [ Fig. 2(f) ] are also qualitatively consistent with the case within adiabatic approximation as depicted in Fig. 1 , although the absolute number of vortices is significantly reduced. Thus, we conclude that the breakdown of condition γ R P R /2γ c is not essential for the formation of vortex lattices.
Next, we break the condition γ R γ c as well, and shown results for the case γ R = γ c in Fig. 3 . In this scenario, we can still find spontaneously generated vortices from the density no longer be clearly recognized, indicating that the vortex lattice starts to melt and enter a liquid phase with number of vortices always changing with time. In Figs. 3(e) and 3(f), we show respectively the number of vortices for different pumping radius R P and pumping power P for a fixed evolution time t = 200. This period of time is long enough such that the number of vortices does not vary much any further. As compared to the cases of Figs. 1  and 2 , the number of vortices show similar tendencies with a much smaller absolute value. We can further reduce the decay rate of reservoir to reach the opposite limit of the adiabatic approximation γ R γ c . In this case, the low energy excitation spectrum deviates significantly from the linear Bogoliugov form, and presents a finite energy gap for instead 47 . However, from the results for γ R = 0.1γ c shown in Fig. 4 , we can still observe spontaneously generated quantized vortices, without apparent lattice structure. In fact, the geometric configuration of vortices evolve with time, as one would expect for a liquid phase. We also plot the number of vortices for systems with various pumping radius R P [ Fig. 4 (e)] and pumping power P [ Fig. 4(f) ] for a fixed evolving time t = 200, and find the same tendencies as in the cases discussed above.
The numerical results discussed above suggest that quantized vortices can be generated in circularly pumped polariton BEC even for the case of γ R γ c . However, the vortices are in a liquid phase with time-varying geometric configuration. This may hinder the direct observation of these vortices in experiments, as the polariton BEC is two-dimensional in nature, and the system is in the Berezinskii-Kosterlitz-Thouless (BKT) phase with spontaneously generated vortex and anti-vortex pairs.
21
It is then desirable to find a mechanism which can help stabilizing the lattice structure of vortices. Here, we apply an external rotation to the system by adding an angular momentum term 2ΩL z ψ into the first equation of the ODGPE [Eq. (2)], where L z = −i(x∂ y − y∂ x ). Fig. 2 , where the laser radius and pumping power are chosen respectively as RP = 5 and P = 8P th . As the decay of exciton reservoir is very significant, the vortices configuration varies with time. In panels (e) and (f), we show the number of vortices at a fixed evolving time t = 200 for different radius RP and pumping P , respectively, with other parameters fixed as in (a)-(d).
In Fig. 5 , we show results of a unit angular momentum Ω = 1 for the limit of γ R = 0.1γ c , where the vortex lattice is completely melted without a rotation as shown in Fig. 4 . By comparing these two cases, we find that although the number of vortices are only slightly enhanced by the external rotation, the lattice structure is perfectly restored as shown in Figs. 5(b) and 5(d). This observation suggests that an external angular momentum is very effective to establish a vortex lattice in polariton BECs.
IV. CONCLUSION
In this paper, we investigate the formation and stability of vortices and vortex lattices in exciton-polariton condensates under a non-coherent pumping laser of a circular cross section. Within a mean-field approach which takes into account the finite decay rates of exciton reser- Figure 5 . (Color online) Time evolution and steady-state solution of polariton condensates described by ODGPE (2) in the limit of γ R γ c and subjected to an external unit angular momentum Ω = 1. All panels display the same quantities as in Fig. 2 and parameters are chosen as in Fig. 4 except the evolving time in (e) and (f) is long enough to reach a steady state.
voir and polariton condensate, the time evolution of the BEC is obtained numerically to reveal the emergence and configuration of vortices in the long-time limit. By varying the decay rates of reservoir γ R and condensate γ c , we systematically discuss different parameter regimes where adiabatic approximation is valid with γ R P R /2γ c and γ R γ c , partly broken with γ R = P R /2γ c and γ R γ c , fully broken with γ R = γ c , and broken to the opposite limit with γ R γ c . We find that by gradually relaxing the adiabatic approximation in the sequence above, the number of vortices generated in the condensate is decreased, and the lattice structure starts to melt when γ R ≈ γ c , and becomes completely liquified in the limit γ R γ c . This observation suggests that the vortex lattice is more favorable and stable when the adiabatic approximation is valid. We further study the effect of an external rotation on the vortex generation and configuration, and find that an imposed angular momentum is very effective to stabilize the vortex lattice structure even in the limiting scenario γ R γ c . Our results provide useful information to the study of superfluidity in condensates in quantum open systems.
